A brief review of new fiber microsphere geometries is presented. Simple microspheres working as Fabry-Perot cavities are interrogated in reflection and in transmission. Two microspheres were also spliced together, and subjected to different physical parameters. These structures are an alternative solution for load measurement and, when read in transmission, it is also possible to apply strain. Moreover, the structure is capable of being used under extreme ambient temperatures up to 900 • C. Random signal in cleaved microspheres was demonstrated with the possibility of using it for random laser or sensing applications. All this work was developed at the Centre for Applied Photonics, INESC TEC.
Introduction
Microspheres integrated in optical fiber devices have been a matter of research over the last two decades. Due to the optical characteristics of microspheres, many practical applications were proposed in the literature for sensing and lasing.
The first reported microsphere fabricated on the end of an optical fiber used a hydrogen-oxygen torch to form several microspheres, with radii ranging from 50 to 125 µm [1] . The spherical fiber end was used to couple light from a GaAs laser diode to a fiber, achieving more than 50% coupling efficiency. Some years later, the usage of a CO 2 laser was proposed for the formation of a spherical lens at the tip of optical fibers [2] . Since then, several fabrication techniques were proposed for the fabrication of hollow and solid microspheres, such as the use of a femtosecond laser [3] or a fusion splicing machine [4] [5] [6] .
Microspheres created on top of optical fibers were vastly explored given the possibility of exciting whispering gallery modes [5] , opening new paths in different fields of research. Moreover, this kind of structure can also be produced to work as interferometric cavities. For instance, a three-wave interferometer was demonstrated using a hollow-core microsphere on a fiber tip [6] . For an inline configuration, this structure can also behave as a two-wave interferometer. When subjected to temperature variations, the first configuration presented a sensitivity of 1.90 pm/ • C, while for the inline configuration, a sensitivity of 1.17 pm/ • C was reported. An array of silica microspheres was also proposed for temperature sensing, achieving a sensitivity of 20.3 pm/ • C [7] .
In this paper, a brief review of new designs for silica microspheres and their application as all-fiber sensors and lasers is presented.
Multipath Interferometers with Cleaved Microspheres
Simple silica microspheres, made from single mode fiber (SMF), work as concave mirrors, focusing the small amount of light originated from the Fresnel reflection at the tip of the microsphere. Apart from the fact that they can be used as intensity sensors, just like a simple cleaved fiber tip, these structures do not show any significant interferometric behavior suitable for sensing applications. Therefore, techniques, such as conventional peak wavelength-shift inspection methods, cannot be applied in these cases.
Recently, two works explored the generation of multiple optical paths inside of microspheres by creating asymmetry in the structure. The concept consists in cleaving or polishing a microsphere at a certain angle, forcing part of the light to be reflected in different directions inside the microsphere. The interference of these multiple reflections gives rise to a unique interference pattern. The reflected signal is measured using a simple interrogation setup, similar to the one described in Figure 1 . The setup comprises a broadband optical source, an optical circulator, and an optical spectrum analyzer (OSA). The first reported work used a focused ion beam (FIB) to cleave a 322 µm-diameter silica microsphere with an angle of around 20 • in relation to the fiber's longitudinal axis, as shown in the schematic of Figure 2 [8] . The microsphere was produced by applying multiple electric arcs near the end of a cleaved single mode fiber, using a fusion splicer. The authors obtained a reflection spectrum with a random-like interferometric behavior and strong spectral modulation (around 3 dB), as depicted in Figure 2 . The fast Fourier transform (FFT) of the reflected signal exhibited two distinct regions. The first was composed of two peaks at low frequency that correspond to cavities. The cavity length corresponding to these peaks corresponds to a reflection on the microsphere' edge, and to a second reflection of light on the cleaved region. As a result of this second reflection, part of the light is deviated, and travels around the microsphere, following a larger optical path distance. Temperature variations only introduce a small change in the cavity length of those components. However, the second region of the FFT corresponds to a band of higher frequencies, as a result from the interference between multiple optical paths that were generated inside of the microsphere. This band of higher frequencies changes considerably with temperature. Figure 2 . Schematic of the focused ion beam cleaved microsphere and its reflection spectrum. Reproduced withpermission from [8] . IEEE Photonics Technology Letters, 2018.
The structure was proposed for temperature sensing and a correlation method was used to extract the temperature response from the two-cavity component. The sensor presented a temperature sensitivity of −10.
A similar experiment was also conducted using a polished microsphere of multimode fiber [9] . A focused CO 2 laser was used to fabricate a 270 µm-diameter microsphere at the edge a multimode fiber tip. Instead of cleaving the structure, the authors proposed a simple way to polish the microsphere with a particular angle, using a stainless-steel needle, a protractor, and a polishing stage, therefore avoiding the use of expensive techniques, such as FIB. The final structure was a microsphere polished with an angle of around 30 • in relation to the fiber's longitudinal axis, as depicted in Figure 3 . Similarly to that obtained in the previous work, the reflection spectrum of such structure is a random-like interference pattern that changes with temperature. The authors explained that the interferometric spectral modulation is equivalent to the overlap of multiple two-wave interferometers, and therefore, the FFT presents peaks at different frequencies. They demonstrated the feasibility of extracting the different spectral components through signal processing, monitoring each of the peaks as a function of temperature. Among the cavity components, a temperature sensitivity enhancement was achieved for lower-length interferometers (lower frequency components) with a sensitivity of 45 pm/ • C, three times bigger when compared with higher frequency components (15.9 pm/ • C). The authors also demonstrated the capability of using correlation analysis to obtain a temperature sensitivity without the need to filter each component individually. For this method, the obtained temperature sensitivity was 50 pm/ • C. 
Modified Microspheres for Random Lasing
Random lasers are a class of lasers without a well-defined cavity, in which the modes are determined by the interference of multiple scattering [10] . This new type of laser appeared during the last decade, and presents attractive advantages over other lasers, viz. simple technology, low production cost [11] , light weight, and immunity to light source oscillations [12] . These features allowed for developments in multiple areas, and applications include fiber and nonlinear optics, laser physics [11] , secure optical communications [13] , random number generation [14] , fiber fault detection [15] [16] [17] [18] [19] , and sensing [20] [21] [22] . For sensing, optical random signals were used for compressive sensing [22] . An improved alternative to the well-known fiber cavity ring down technique was also proposed using random signals, creating a random correlation fiber loop ring down [12] . Random correlation was revealed to be a powerful tool to analyze more complicated systems where traditional interrogation techniques cannot be applied [18] .
Recently, a random fiber laser was demonstrated based on the concept of a random fiber Bragg grating (FBG) in a ring configuration [23] . The lasing process is established through the interference between light beams with different optical paths along the ring resonator. In a similar way, asymmetric microspheres can be incorporated in a ring resonator structure with gain medium to create a random laser, as shown in Figure 4 . The setup consists of an erbium doped fiber amplifier (EDFA), an optical circulator connected to the modified microsphere, and a 90/10 coupler to create the ring cavity, while simultaneously reading the output in an optical spectrum analyzer. The constructive interferences inside the microsphere are re-amplified, giving rise to one or more lasing lines. For this purpose, two modified microspheres were developed. The first one is inspired in the Bunimovich stadium-shaped chaotic structure, and its fabrication only requires a fusion splicer and a fiber cleaver. The authors produced the stadium-shaped microsphere by merging two conventional silica microspheres, by applying multiple low-power electrical discharges. The final result is a stadium-shaped microsphere, identical to the one presented in the schematic of Figure 5 . The second proposed modified microsphere relies on the use of focused ion beam (FIB) milling to create a decentered circular hole near the tip of a microsphere, in order to promote light scattering into different directions inside of the silica structure. A schematic of the circular-milled microsphere is shown in Figure 6 . Both structures were coated with a gold thin film to act as a mirror, confining the light inside the microsphere, reducing losses, and increasing the number of reflections. Using the abovementioned setup, the spectra of both microspheres presented multiple lasing lines in the region of highest gain of the erbium profile, as visible in the output of Figures 5 and 6 . The multiple lasing lines also change in time, due to the modes' competition for gain [12, 24] .
Interferometric Hollow Microspheres
Hollow silica microspheres work as multi-mirror Fabry-Perot interferometers, and several physical and chemical sensing applications were proposed in literature [6, 25] . The incorporation of hollow microspheres in optical fibers have been proposed through the use of chemical etching [26] , catastrophic fuse effect [27] , or fusion splicing [28] . The fusion splice technique differentiates itself as an easy fabrication technique that presents no chemical hazards. Hollow microspheres can be fabricated through fusion splicing techniques in standard single mode fibers [29] , photonic crystal fibers (PCF) [5, 30, 31] , or in hollow core fibers (HCF) [32, 33] . Particularly, the use of HCFs allows a simple and fast hollow microsphere fabrication. Recently, two works have been proposed in literature [32, 33] where hollow microspheres were created using an HCF spliced to an SMF. Using a fusion splicer, two electric arcs were applied at the tip of the HCF, reshaping the fiber into a hollow microsphere with thin silica walls.
Single-microsphere-based sensors using two different configurations were demonstrated in the last year [32] . A microsphere with an air cavity length of 175 µm and a 30 µm-thick silica wall was presented, as schematized in Figure 7 . The spectrum of the sensing structure, which can be approximated to a three-wave Fabry-Perot interferometer, was attained using a simple reflection scheme consisting of a broadband source, an optical circulator, and an OSA, as previously schematized in Figure 1 . To obtain the different spectral components that form the reflected signal, the signal processing analysis showed in the schematic of Figure 8 is performed. First an FFT of the reflected signal is calculated, where each peak of the FFT correspond to the interference between two waves. In order to extract each of the interferometric components separately, a bandpass filter can be used to select a single peak in the FFT. In the end, only a single frequency (single interferometer) from the reflected signal is obtained after applying the filter. The microsphere with an air cavity was studied for lateral load and temperature. For the load characterization, a load was applied to the fiber tip, perpendicularly to the fiber's longitudinal direction. Due to the sensor geometry, the load was applied using a three-point scheme that evenly divides the pressure between the points. The lateral load was varied between 0 and 1.2 N, achieving a sensitivity of 1.56 nm/N. The thermal response was studied by placing the fiber tip in a tubular oven, and varying the temperature between 300 • C and 500 • C. The tip microsphere attained a sensitivity of 1.90 pm/ • C.
The second reported structure was an inline microsphere that can be approximated to a two-wave interferometer, as depicted in Figure 9 . This configuration presented a much simpler spectrum, providing also the possibility of strain-sensing. The inline microsphere attained a load sensitivity of 2.62 pm/N. This sensing structure achieved a much higher sensitivity when compared with the tip structure. Such higher value of sensitivity can be explained by the thinner silica walls of the inline structure, which suffered higher deformation in comparison with the tip structure when load was applied. The inline configuration presented a very similar behavior to the tip structure in terms of temperature characterization, with an achieved thermal sensitivity of 1.17 pm/ • C, for temperatures between 250 • C and 600 • C. The inline configuration was also proposed as a strain sensor, achieving a sensitivity of 4.66 pm/µε for a maximum of 1000 µε of applied strain. Recently, a two-microsphere structure was presented in the literature [33] . Two hollow microspheres were fabricated at the tip of an SMF using hollow core fiber and, afterwards, the microspheres where fusion spliced together. The final sensing head could be approximated to a four-wave interferometer when monitoring the reflected signal, as shown in Figure 10 . Two similar configurations were characterized for strain, attaining a maximum strain sensitivity of 4.07 pm/µε on a range of 2000 µε. The structure presented a low thermal sensitivity of 2.1 pm/ • C for temperatures between 200 • C and 500 • C. When compared with an array of two solid microspheres [7] , the hollow microsphere configuration presented a strain sensitivity more than four times higher, with a ten times lower thermal sensitivity. In Table 1 , a strain sensitivity comparison between some types of Fabry-Perot structures is shown. The cavity structures are listed with increasing strain sensitivity. In bold, two different hollow microsphere cavities are presented. 
Conclusions
A brief insight on the recent developments in new fiber microsphere geometries was presented and discussed. The reported works show the ability to modify the structure of conventional microspheres, or even to create new types of microspheres, such as a hollow microsphere, in order to generate new effects or enhance other properties. Multi-path interferometers were obtained by breaking the symmetry of conventional microspheres, by means of cleaving the microspheres using focused ion beam milling or by polishing techniques. The use of such structures as sensing elements was explored. The same idea of breaking the microsphere geometry was explored to create chaos for applications in random lasers. Geometries, such as the Bunimovich stadium-like microsphere or the decentered circular-milled microsphere were discussed. Hollow microspheres in different kinds of configurations were also reported. They can act as two-wave or three-wave interferometers with high potential for sensing applications, especially for simultaneous measurements of physical, chemical, or biological parameters. In the future, the application of these new microsphere geometries in pressure sensing and in flow sensing for medical purposes could be addressed. Funding: Project NanoSTIMA-North Portugal Regional Operational Programme (NORTE-01-0145-FEDER-000016).
